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Summary 
Exposure of murine embryos to teratogenic doses of 
retinoic acid (RA) induced homeotic transformations 
of vertebrae. Posterior transformations occurred along 
the complete body axis after RA administration on day 
7 of gestation and were accompanied by anterior shifts 
of Hox gene expression domains in embryos. Anterior 
transformations of vertebrae in the caudal half of the 
vertebral column were induced on day 8.5. We suggest 
that the identity of a vertebral segment is specified by 
a combination of functionally active Hox genes, a’Hox 
code.” In this concept the sequential activation of Hox 
genes defines sequentially more posterior axial levels, 
while mesodermal cells leave the primitive streak. Ex- 
ogenous RA interferes with the normal establishment 
of Hox codes and thus with axial specification. 
Introduction 
Retinoic acid (RA) plays an important role during em- 
bryogenesis of vertebrates. It is discussed as a key mole- 
cule involved in pattern formation-in particular, the speci- 
fication of axes during development (for review see 
Summerbell and Maden, 1990). The presence and activity 
of RA have in most cases been concluded from indirect 
evidence, such as the widespread distribution of RA recep- 
tors or the response of embryonic reactions to exogenous 
RA (Dolle et al., 1990b; Brockes, 1989). Administration of 
high RA doses can exert striking effects on developmental 
processes invertebratessuch asfrog(Durston et al., 1989; 
Sive et al., 1990; Ruiz i Altaba and Jessell, 1991) chicken 
(Tamarin et al., 1984) rodents (Shenefelt, 1972; Kochhar, 
1973; Yasuda et al., 1966) and humans (Lammer et al., 
1965). It leads typically to severe defects of craniofacial 
structures and of limbs. While most teratologic pheno- 
types include the non- or malformation of structures, dupli- 
cation of target structures, including digits (Brockes, 
1969) palatal shelves (Tassin and Weill, 1961) the neural 
tube, and the notochord (Tibbles and Wiley, 1966) has 
also been reported. 
In contrast to disruptive morphological alterations, the 
transformation of a biological structure can be much more 
informative and may allow mechanistic conclusions. W. 
Bateson (1894) defined homeosis as the transformation of 
one body part “into the likeness of something else.“A clas- 
sic example is the f ly with legs in place of the antennae. 
This homeotic variation, seen in the fruit f ly mutant Anten- 
nape&t, is caused by a genetic defect that is now under- 
stood at the molecular level (Frischer et al., 1986). Genes 
that can cause homeotic mutations, the homeotic genes, 
have been cloned from Drosophila melanogaster (Gehring 
and Hiromi, 1966; Akam et al., 1988). They share a struc- 
tural element, the homeobox, which is also conserved in 
genes of vertebrates (McGinnis et al., 1984; Scott et al., 
1989). Vertebrate genes with homeoboxes similar to those 
found in the Drosophila Antennapedia and Ultrabithorax 
complexes are the Hox genes. The murine Hox genes are 
organized in the Hox-1, -2, -3, and -4 clusters, each on a 
different chromosome (for review see Kessel and Gruss, 
1990). Thirteen paralog groups can be defined by align- 
ment of these clusters according to similarity of the highly 
conserved homeodomains. The first (5’) five Hox paralog 
groups all seem to encode proteins lacking a conserved 
hexapeptide upstream of the homeodomain (Erselius et 
al., 1990) which is present in all Hox proteins from other 
paralog groups (Kessel et al., 1987). The major expression 
domains of Hox genes in vertebrate embryos include re- 
stricted regions of the major segmented structures, the 
hindbrain and the paraxial mesoderm, as well as the non- 
segmented neural tube. While the anterior boundaries of 
expression are quite precisely described, the posterior 
boundaries are less well defined. As a general rule, genes 
located further downstream in a cluster have successively 
more anterior expression boundaries (Boncinelli et al., 
1968; Gaunt et al., 1986; Duboule and Doll& 1989; Gra- 
ham et al., 1969). 
Tissue culture studies have revealed that RA can induce 
various Hox genes (Colberg-Poley et al., 1985; Breier et 
al., 1986; Kessel et al., 1987; Deschamps et al., 1987; 
Mavilio et al., 1988). A direct correlation between the posi- 
tion of a Hox gene in the cluster and its response to RA 
exists in teratocarcinoma cells (Breier et al., 1986; Si- 
meone et al., 1990). At least two genes from the first (5’) 
five paralog groups cannot be activated (Hox-7.7, Rubin 
et al., 1987; Hox-3.2, Erselius et al., 1990) and some of 
the 5’ genes appear to be down-regulated by RA in terato- 
carcinoma cells (Simeone et al., 1991). Beginning with the 
sixth paralog group (Hox-2.4, -3.7, -4.3), the Hox genes 
need successively less RA to be activated (Simeone et al., 
1990). Recently, a positive RA response of genes from the 
5’half of Hox clusters was also reported. After implantation 
of a RA-soaked bead into the anterior chick limb bud, the 
overlapping, but nonidentical, expression patterns of the 
Hox-4 genes seen normally in the posterior bud were now 
induced in a mirror image also in the anterior bud (Nohno 
et al., 1991; Izpisua-Belmonte et al., 1991). In such experi- 
ments higher doses of RA repressed the 5’ Hox-4 genes. 
Adirect relation between RA, Hoxgenes, and thespecifi- 
cation of the body axis was found in Xenopus embryos. 
RA in conjunction with growth factors can induce the pos- 
teriorly expressed Xenopus Hox-2.5 gene (paralog group 
5) in uncommitted embryonic cells (Cho et al., 1991). The 
overexpression of this gene caused formation of tail-like 
structures (Cho and De Robertis, 1991). An indirect cor- 
relation between a vertebrate Hox gene and RA was 
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Table 1. Vertebral Patterns Induced by Exposure to RA 
Wild RA RA RA 
Type Day 6.5 Day 7.3” Day 8.5 
Basisphenoidlbasioccipital 
Proatlas 
Atlas (Cl) 
Axis (C2) 
Tuberculum anterior 
0” c5 
Tuberculum anterior 
on C6 
Rib anlage on #7 
Vertebrosternal ribs 
First vertebrosternal 
rib on segment 
First segment #13 
without #14 
vertebrosternal #15 
rib #16 
Ribs 13 
14 
15 
Lumbar vertebrae 
Presacral vertebrae 
Vetebral pattern’ 
c3-5 T14 
C6 T13 
C6 T13 
C6 T14 
C6 T14 
c7 T13 
c7 T13 
c7 T14 
c7 T14 
c7 T15 
Frequencies of 
vertebral transformatton 
Normal 
Abnormal 
No evidence 
Evidence 
Normal 
Abnormal 
Normal 
Abnormal 
48 
- 
48 
- 
48 
Present 
Present 
Absent 
Absent 
Small 
Extensive 
Complete 
6 
7 
6 
48 
- 
30 
17 
1 
- 
48 
#0 
#7 
#6 
40 
- 
- 
48 
47 
1 
5 6 
6 42 
24 
25 
26 
27 
5 
43 
- 
L5 
L5 
L6 
L5 
L6 
L5 
L6 
L5 
L6 
L5 
k 
Number of animals 
48 
- 
48 
- 
- 
- 
5 
42 
1 
- 
- 
- 
- 
- 
- 
- 
5 
5 
- 
1 
- 
- 
48 
35 
- 
35 
- 
35 
- 
35 
- 
35 
- 
35 
- 
22 
13 
- 
- 
- 
35 
- 
35 
- 
- 
- 
- 
35 
- 
35 
- 
- 
- 
35 
- 
- 
35 
- 
- 
- 
- 
- 
- 
- 
35 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
19 
53 
48 
24 
30 
42 
30 
42 
36 
36 
51 
20 
IO 
6 
13 
43 
1 
42 
20 
25 
43 
2 
1 
22 
30 
- 
55 
17 
- 
34 
38 
0 
48 
16 
- 
1 
8 
23 
12 
3 
12 
12 
1 
- 
- 
47 
27 
55 
28 
31 
54 
54 
- 
- 
- 
- 
17 
17 
34 
- 
34 
- 
34 
- 
34 
- 
34 
- 
19 
12 
3 
- 
- 
17 
18 
34 
- 
- 
- 
- 
17 
17 
- 
31 
3 
4 
30 
- 
- 
2 
32 
- 
- 
- 
- 
- 
- 
- 
2 
29 
3 
- 
- 
- 
- 
- 
- 
- 
18 
34 
28 
23 
35 72 34 
a Includes exposures on day 7, 0 hr (tm), 7.4 hr (tm), and 7, 12 hr (tm). 
b C, cervical; T, thoracic; L, lumbar. 
; For definitions of types a-l see Table 2. 
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Figure 1. Vertebral Patterns Induced by RA Exposure on Day 7 or Day 6 
Embryos had been exposed to RA on day 7, 4 hr (tm) or on day 6.5, as indicated. Vertebral columns were dissected from clearing preparations 
beginning with the atlas (Cl) as the most rostra1 vertebra. Clavicula, forelimbs, hindlimbs, and pelvic girdle were removed, the rib cage was opened, 
and ribs were trimmed close to the vertebrae. Columns were photographed from a ventral view. Frequencies of occurrence of vertebral patterns 
are given in Tables 1 and 2. The cervical, lumbar, and the last thoracic vertebrae are numbered. Lumbar vertebrae are numbered on the left of 
the column. For schematic explanation see Figure 2. For further discussion see text. 
(a) Vertebral pattern C6/T13/L5 induced by RA on day 7, 4 hr (tm). Note unilateral fusion between #l and #2, tuberculi anterior on #5. 
(b) Vertebral pattern CG/T13/L6 induced by RA on day 7, 4 hr (tm). Note that only parts of the atlas have formed; one tuberculum anterior is shifted 
to #5. 
(c) Vertebral pattern C7/T14/L6 induced by RA on day 6.5. Note normal cervical and anterior thoracic region, generation of 14 ribs, and posterior 
shift of the sacral bone. 
(d) Vertebral pattern C7/T15/L5 induced by RA on day 6.5. Same pattern as in (c), but the first lumbar vertebra transformed to a thoracic morphology. 
(e) Wild-type vertebral pattern C7/T13/L6. 
observed in transgenic mice ectopically expressing the 
Hox-7.7 gene, which led to craniofacial abnormalities re- 
sembling RA embryopathy (Balling et al., 1989). The de- 
tailed characterizations of many vertebrate Hox genes 
have indicated that they may play a regulatory role during 
vertebrate development. These characterizations are 
compatible with the hypothesis that Hox genes are in- 
volved in the specification of the body plan, similar to ho- 
meotic genes from Drosophila. 
In the present study the effect of high RA doses on the 
development of the murine vertebral column was investi- 
gated. RA induced different types of homeotic transforma- 
tions depending on the embryonic stage at the time of 
exposure. Structural alterations were accompanied by 
shifts of Hox gene expression domains. The homeotic ef- 
fects can be explained in a model postulating an effect of 
RA on the Hox genes, which specify a vertebral segment 
by a combination of functionally active Hox genes, the 
“Hox code.” It suggests that RA and Hox genes are key 
elements in the definition of the anteroposterior axis during 
gastrulation. 
Results 
Vertebral Patterns of Mice 
The vertebral columns from control mice not exposed to 
RA showed little variation (Table 1). With few exceptions 
they consisted of seven cervical vertebrae (Cl-C7), thir- 
teen thoracic vertebrae (Tl-T13), six lumbar vertebrae 
(Li-L6), three or four vertebrae fused to form the sacral 
bone (Si-S4), and the caudal vertebrae (Table 1, Figure 
Id). A consecutive numbering of the vertebral segments, 
starting with the atlas (#l), is applied for comparative pur- 
poses (Figure 2). 
The atlas (Cl) is the only vertebra lacking a vertebral 
center and possessing an anterior arch. The second cervi- 
cal vertebra, the axis (C2), has two vertebral centers sepa- 
rated by an intervertebral disc. The more rostra1 center, 
the body of the dens axis, is homologous to the body of the 
atlas. Vertebrae C3, C4, and C5 have an almost identical 
morphology, as shown below in Figure 6. Their foramina 
transversaria are either completely closed or slightly open 
as a normvariant (foramen transversarium imperfecturn). 
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Figure 2. Schematic Explanation of the Vertebral Patterns in Figure 1 
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Open boxes are cervical vertebrae; tuberculi anterior are indicated as small black squares. Slack boxes are thoracic vertebrae. Diagonally hatched 
boxes are lumbar vertebrae. Stippled rectangles indicate the sacral bone. Darkly stippled boxes are caudal vertebrae. A consecutive numbering 
of segments is given from l-31; vertebrae are counted alongside the columns. Homeotic transformations a-l (Table 2) are indicated by upward 
or downward arrows, which indicate posterior or anterior transformations, respectively. 
Transformation frequencies are indicated as percentages of studied animals at right. Approximate expression boundaries in the paraxial 
mesoderm are indicated for Hox genes of the 13 paralogous groups; more precise values are given in Figure 7. 
On C6 two prominent structures, the tuberculi anterior (tu- 
berculi carotica), protrude ventrally from the foramina 
transversaria. The seventh cervical vertebra (C7) has a 
smooth ventral surface with no foramina (see Figures 4a 
and 4b). In about 40% of the studied wild-type animals, 
it carried a minute rib anlage on one or both processus 
transversus, evident in the clearing preparations by a 
small red ossification on the blue, cartilaginous processus 
(Table 1, Figure 4b). An extensive anlage, forming a head 
of a rib (caput costae) with an articulation to the vertebral 
center or a full cervical rib, was not observed. 
Thoracic vertebrae are characterized by the formation 
of ribs. Thirteen ribs were found in most control animals; 
only one had 14 ribs (Table 1). Control mice had seven 
true ribs attached to the sternum (vertebrosternal ribs) and 
six ribs ending freely. Typically, six lumbar vertebrae (Ll- 
L6)werefound; 5of48controlanimals hadonlyfivelumbar 
vertebrae (Table 1). Either three or four vertebrae were 
involved in the formation of the sacrum, since the cartilagi- 
nous linkages between the sacral vertebrae S3 and 54 
are often only very fine at birth. The number of caudal 
vertebrae is variable in newborn animals and not precisely 
countable in the clearing preparations. Adult mice nor- 
mally have 30-31 tail vertebrae. 
Below we describe vertebral patterns induced by embry- 
onic exposure to RA that differ from the normal pattern 
(C7/Tl3/L6). One way to evaluate these different patterns 
would be to consider them as numeric variations resulting 
from additions or deletions of vertebral segments. In this 
article we present evidence that the changes of vertebral 
patterns have to be interpreted as transformations from 
one identity to another. Among the 12 different vertebral 
patterns registered (Table l), 11 types of transformations 
to other vertebral identities (a-l, Table 2) could be identi- 
fied. In each case a transformation occurred only between 
two neighboring identities. The observed transformations 
were cephalic to cervical (a), cervical to more posterior 
cervical(b), cervical to thoracic (c), thoracic to more poste- 
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Table 2. Types of Vertebral Transformations 
Transformation 
Affected Segments 
and Direction of 
Transformation Description of Anatomical Change 
a #O, #l( #l 
b #5’#6 
Abnormalities of atlas (#l) and axis (#2), including dyssymphysis of 
neural arches and fusions between each other and/or the 
occipital bones. Evidence for a partial proatlas (#O). 
Tuberculum anterior on vertebra #5 (C5). Vertebra #6 (C6) may 
generate one or two tuberculi, or may assume the morphology 
from a normal C7 without foramina transversaria. 
#7-#0 
#14-#l!i 
#20-#21 
#26,25+#27 
#30-#31 
#14+#15 
#20-+21.#22 
#26-#27 
#30+#31 
Rib on #7 
Vertebra #14 is the first thoracic vertebra without sternal rib 
Vertebra #20 is the first lumbar vertebra. 
OS sacrum shifted rostrally, due to 24 (C6/T13/L5) or 25 (CS/Tl3/ 
L6, CG/T14/L5, or C71T13/L5) presacral vertebrae. 
OS sacrum shifted rostrally, due to 24 (C6/T13/L5) or 25 (C61Tl3/ 
L6, C6/T14/L5, or C7/T13/L5) presacral vertebrae. 
Eighth thoracic rib on sternum. 
Fourteen or fifteen ribs 
OS sacrum shifted caudally due to 27 presacral vertebrae (C7/T14/ 
L6 or C7iTl5/L5). 
OS sacrum shifted caudally due to 27 presacral vertebrae (C71T14/ 
L6 or C71T15/L5). 
rior thoracic (d) and vice versa (h), thoracic to lumbar (e) 
and vice versa (i), lumbar to sacral (f) and vice versa (k), 
and sacral to caudal (g) and vice versa (I). 
Verkbral Patterns after Early RA Exposure 
We found no effect of RA on mouse embryos after expo- 
sure on day 6.5 of gestation (Table 1). Litters of normal 
size survived until birth; newborns were of correct propor- 
tions and showed no skeletal alterations (Table 1). 
RA exposure on day 7,0 hr (tm; from timed matings as 
explained in Experimental Procedures), 7, 4 hr (tm), or 
7, 12 hr (tm) has a dramatic effect on mouse embryos. 
Phenotypes induced during these three time points did not 
differ significantly, so that they are discussed together as 
fetuses exposed on day 7.3 (Table 1). We obtained survival 
of animals through the postimplantation phase until day 
19 of gestation only after reducing our RA doses from 100 
mglkg to 10 mglkg. Litter sizes were reduced; they often 
contained only one to three surviving fetuses. These fe- 
tuses were smaller than normal and often had severe de- 
formations of the head (exencephaly, microcephaly, anen- 
cephaly), apparently with agenesis of anterior structures. 
The posterior body half as well as the limbs appeared 
correctly proportioned. In the following we describe the 
alterations of axial structures (vertebral transformations 
a-g) as they appear in a craniocaudal direction. 
Figure 3 presents a survey of different malformations 
in the cranial and cervical region, While agenesis of the 
anterior skull bones (premaxillae, maxillae, mandibles, 
palatal bones, parietal bones, and others) was pleiotropic 
and variable, the base of the skull was affected in most 
animals. Nonformation of the basisphenoid bone was ob- 
served in many day 16 fetuses (Figures 3e, 3g,3i, 3m, 30). 
The occipital bones were often also abnormal, including 
the absence of the supraoccipital bone (Figures 3d, 3f, 3h, 
31, 3n, 3p) and malformations and/or fusions involving the 
exo- and basioccipital bones. In 24 out of 72 mice (33%) 
additional ossifications between, and fused to, the occipi- 
tal bones and the atlas indicated the manifestation of a 
partial occipital vertebra, a proatlas (Figure 3; see also 
Kessel et al., 1990). Fifty-eight percent of the fetuses 
showed abnormalities of atlas (Cl, #l) and axis (C2, #2). 
These included association of a vertebral body with the 
atlas, ossified fusions, dyssymphysis of arches, and agen- 
esis of certain vertebral structures from atlas or axis (Fig- 
ure 3). Because of the perturbed structures, some malfor- 
mations at the craniocervical transition were difficult to 
interpret as transformations, although we will argue below 
that they result from posteriorizing transformations, and 
we discuss them collectively as transformation a (Table 2). 
The severe abnormalities in the cervical region did not 
always allow an unequivocal numbering, and thus assign- 
ment, of the vertebral pattern. It was particularly problem- 
atic when the manifestation of a proatlas was almost com- 
plete, so that a second vertebra with the morphology of an 
atlas with a prominent anterior arch (arcus anterior) was 
present. Such an extreme case is shown in Figures 30 and 
3p, where seven prethoracicvertebrae are clearly present. 
In view of the patterns and transitory structures observed 
in other fetuses of this experimental group, we interpreted 
the first vertebra as a completely generated proatlas, and 
the second as the atlas (#l). Thus we assigned a pattern 
of proatlas/CG/T13/L5, involving the transformation types 
a, b, c, d, e, f ,  h. The alternative assignment of the first 
vertebra as the atlas would result in transformations not 
found in any other case of this experimental group. The 
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Figure 3. Vertebral Transformations at the Craniocervical and Cervicothoracic Transitions 
Skeletal preparations of day 18 animals are shown from ventral or lateral views after removal of tracheal cartilage. (a) and (b) show a wild-type control 
animal; (c)-(p) show animals exposed to RA on day 7. The anterior skull (e.g., the premaxillary or maxillary bone) is truncated to varying degrees 
([I] and [n]). Note the frequent agenesis of parts of the basisphenoid bone ([e], [g], [i], [ml, and [o]), Evidence for a proatlas often correlates with 
the nonformation (or nonossification) of the supraoccipital bone ([d], [f], [h], [I], [n], and [p]). The interpretation of the vertebral patterns, i.e., the 
numbers of vertebrae, is given for each specimen and further discussed in the text. Note the general tendency to a reduction of the cervical region 
to six vertebrae by nonformation of the typical morphology of a vertebra #7 (C7). This reduction is counteracted to varying degrees, however, by 
generating vertebral structures at the cost of the occipital bones, in particular of the supraoccipital bone. Such evidence for a proatlas is most 
obviously seen in (0) and (p). 
(a, b) Untreated control mouse. The indicated bones are: manubrium (m), basisphenoid bone (bs). basioccipital bone (bo), exooccipital bone (eo), 
supraoccipital bone (so), tuberculum anterior (ta). 
(c, d) Animal exposed on day 7, 4 hr (tm). Note only six cervical vertebrae, the right tuberculum anterior shifted to #5, and one-half of the atlas 
missing (small arrowhead), leaving a fusion between the anterior arch, the axis, and the basioccipital bone. Deep clefts in the exooccipital bone 
(arrowhead) indicate a tendency to propagate the posterior occipital bone as a vertebra; a proatlas. 
(e, f) Animal exposed on day 7, 9 hr (tm). Note only six cervical vertebrae. On the right side multiple fusions between exooccipital bone, atlas, and 
axis have occurred (arrowheads), so the tuberculum anterior is clearly on #5. The left side is even further reduced, so that only three vertebrae are 
countable anterior of the tuberculum anterior, five vertebrae in total. 
(g, h) Animal exposed on day 7, 0 hr (tm). Note six cervical vertebrae with the tuberculum on the last (#6). The neural arch of the atlas is fused 
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Figure 4. Intermediate States of Transformations at the Cervicothoracic Transition 
Vertebra 
number 
#8 
The seventh (#7) and the eighth (#8) vertebrae were dissected out of clearing preparations by cutting the intervertebral disc, the sternum, and (in 
Id]) also a rib. The manubrium (m), representing the anterior part of the sternum, and the processus spinosus (ps), a typical marker for the second 
thoracic (#9) vertebra, are indicated. 
(a) Wild-type vertebrae #7 (C7) and #8 (Tl). 
(b) Wild-type vertebrae #7 (C7) and #8 (Tl). Note a minute ossification (arrow) on the processus transversus of #7. This small rib anlage was found 
uni- or bilaterally on about 40% of wild-type mice. 
(c) The seventh and eighth vertebrae after exposure to RA on day 7, 4 hr. Note large ossification on the right and a cervical rib ending freely on 
the left processus. Almost no changes are obvious on #8, except for a slight change of form. 
(d) The seventh and eighth vertebrae after exposure to RA on day 7, 4 hr. Note on the right of #7 an interrupted rib anlage, which is fused to the 
next rib and becomes independent again before it reaches the sternum. On the left a cervical rib is generated that fuses to the next rib in the cartilage 
zone. The more angular morphology of vertebra #8 and the processus spinosus are characteristic for the second thoracic vertebra (TZ, #9) of 
wild-type mice. Thus an extensive transformation of #7 to #8 and of #8 to #9 has occurred. 
(e) The seventh and eighth vertebrae after exposure to RA on day 7, 4 hr. Note the generation of a complete rib on #7, with a normal configuration 
at the sternum, a morphology identical to #8 of the wild-type #8. The structure of vertebra #8 is identical to a wild-type #9. The posterior transformations 
of #7 to #8 and of #8 to #9 are complete. 
vertebral pattern shown in Figures 3m and 3n illustrates 
drastically the general tendency to reduce the cervical re- 
gion, which was consistently observed in this experimental 
group. Dorsally, maximally five neural arches of cervical 
vertebrae are distinguishable, the anterior of which are 
only partly formed and fused. From the ventral side only 
three cervical vertebrae are recognizable. 
The presence of one or two tuberculi anterior on C5 
indicated a posterior transformation (transformation b, Ta- 
ble 2) of vertebral identities from C5 to C6 (Figures 1, 2, 
3c, 3e, 3i, 3j, 30). This morphology correlates with the 
entering of the arteria vertebralis into C5 instead of C6. A 
striking transformation occurred on the seventh vertebral 
segment (#7). In 78% of the fetuses an extensive or com- 
plete rib anlage developed on vertebra #7 (transformation 
c, Tables 1 and 2). Remarkably, several intermediate 
stages of the transformation could be observed (Figure 4). 
In 18% of the animals the head of a rib or half a rib, a 
“cervical rib,” developed, which fused halfway to the first 
thoracic rib generated on #8. In 60% of the mice, however, 
a costosternal junction was generated from the rib pro- 
duced on #7, in a few cases after an intermediate fusion 
to the basioccipital (arrow in [h]), and the anterior arch is not generated; however, the anterior ossification is formed and fused to the dens axis 
(arrow in [g]). 
(i) Animal exposed on day 7, 0 hr (tm). Note reduction of the cervical region to six (right) or five (left) vertebrae, severe fusions between occipital 
bones and the first vertebrae, and anterior shifts of the tuberculi anterior. 
(j) Animal exposed on day 7, 13 hr (tm). Note formation of a half vertebra within the cervical region (arrowhead). A cervical rib ending freely is 
generated on the left of vertebra #8 (short arrow), while on the right the same vertebra (here counted as #7) has generated a rib (long arrow) that 
is fused halfway to the next rib, but then makes an independent articulation with the sternum. 
(k. I) Animal exposed on day 7, 0 hr (tm). Note the severely deformed open skull with massive fusions involving the occipital bones and anterior 
vertebra, which make interpretation of the pattern difficult. The last prethoracic vertebra, carrying the tuberculi anterior, was tentatively assigned 
as #6. since tuberculi were never found on #7. With this interpretation, complex transformations at the craniocervical transition would clearly involve 
formation of a proatlas (p). 
(m, n) Animal exposed on day 7, 0 hr (tm). Extreme example of a reduced cervical region. Note fusion patterns of neural arches on the first vertebra 
allowing the tentative counting of five segments. From the ventral view only three vertebrae are evident. 
(0, p) Animal exposed on day 7, 4 hr (tm). Note full propagation of seven cervical vertebrae. Both #l and #2 have the typical morphology of an atlas. 
Their anterior arches are clearly visible (arrowheads), but only #2 has the typical ossification of this arch. This pattern is interpreted as the complete 
generation of a proatlas (p), which has led to complete transformations of the subsequent vertebrae. 
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to the rib on #8 (Figures 4c and 4d). Such a fully propa- 
gated rib represents a complete transformation of #7 to 
the identity of #8 and has to be addressed as the first 
thoracic rib. The completeness of the transformation was 
also reflected in the shape of the eighth vertebrae, which 
changed from the oval form typical of #7 and #8 to the 
angular shape typical normally for #9. Also, the presence 
of a processus spinosus on the dorsal neural arch is nor- 
mally a feature of the second thoracic, i.e., the ninth verte- 
bra. The transformation of vertebra #7 is the major reason 
for the shortening of the cervical region from seven verte- 
bral segments to six, and in a few cases less than six. As 
outlined above, however, there was a tendency to restore 
the original length by generating an additional vertebra 
in the occipital region, a proatlas. Another posteriorizing 
transformation was often found on segment #14. In the 
control mice this segment generated avertebrosternal rib, 
but after RA exposure in 32% of the fetuses this rib did not 
reach the sternum (tranformation d, Table 2). If, however, 
the rib on #14 reached the sternum and at the same time 
only six cervical vertebrae were present, eight instead of 
normally seven costosternal junctions had to be gener- 
ated. Thus a normal configuration was restorable in the 
middle of the thoracic region. 
Most wild-type mice possess six lumbar vertebrae; six 
mice were observed with only five. After exposure on day 
7.3, 50% of the fetuses had only five lumbar vertebrae. 
Typical vertebral patterns were CG/T13/L5 and CG/Tl3/L6 
(Figures 1 and 2). The shortening of the cervical and/or 
the lumbar region led in many cases to the presence of 
only 24 (11 O/o) or 25 (67%) presacral vertebrae, instead of 
the normal 26 (Table 1). As evident from Figure 1, the 
patterns involving the configuration C6/Tl3 generate a 
transformation at the thoracolumbar transition (transfor- 
mation e, Table 2) whereas the rostra1 shift of the sacral 
bone implies two further posterior transformationsof verte- 
bral identities (transformations f  and g, Table 2). In sum- 
mary, seven specific posterior transformations of verte- 
brae were detected along the length of the vertebral 
column after exposure to RA early on day 7 (Figure 2). 
Vertebral Patterns after Late RA Exposure 
Exposure of embryos to RA during day 8 of gestation led 
to severe malformations or agenesis of the posterior body 
half if high RA doses (100 mglkg) were applied (data not 
A 0 
shown). To achieve teratogenicity without such major 
structural disruptions, the RA isomer 13-cis RA was cho- 
sen; this isomer has an even shorter half-life in mice than 
all-trans RA and is transferred to the embryo less efficiently 
(Creech-Kraft et al., 1987; Satre and Kochhar, 1989). In a 
control experiment 13-cis RA (450 mglkg) and all-trans 
RA (10 mglkg) had comparable teratogenic effects on day 
8. Neither induced macroscopically detectable abnor- 
malities. 
Skeletal preparations of day 18 fetuses exposed to 
13-cis RA on day 8.5 were analyzed in detail. A fusion 
between the basisphenoid and the basioccipital bone was 
found in 50% of the animals. The cervical region of the 
vertebral column was always well developed, e.g., appar- 
ent in the propagation of the tuberculi anterior (Figure 1). 
The first vertebral transformation was observed for seg- 
ment #15. While normally the rib on #15 (T8) is the first 
without a costosternal junction, in this experimental group 
50% of the animals had eight vertebrosternal ribs, re- 
flecting the fact that an anterior transformation of #15 had 
occurred (transformation h, Table 2; Figure 5). 
The number of ribs was a very constant parameter in 
control mice; however, 14 instead of 13 thoracic vertebrae, 
at the cost of one lumbar vertebrae, were once observed. 
Fourteen or 15 well-propagated ribs were generated in all 
fetuses exposed to RA on day 8.5 (transformation i). It was, 
however, unique for this group that in the predominant 
vertebral pattern C7/T14/L6, the number of lumbar verte- 
brae was not reduced. The caudal shift of the sacral bone 
resulting from 27 instead of 26 presacral vertebrae implies 
the anterior transformations k and I. In summary, after 
RA exposure on day 8.5, four distinct, exclusively anterior 
transformations were detected in the posterior half of the 
vertebral column (Figure 2). 
Hox Gene Expression 
RA was administered to pregnant females on day 7, 4 hr 
(tm) of gestation and embryos were dissected out on day 
12.5 of gestation. The embryonic litters showed anterior 
defects compatible with the observations on day 18 fe- 
tuses, notably, exencephalus and nonclosureof the neural 
tube in the cervical region. The correct numbering of pre- 
vertebral segments on sagittal sections was an essential 
prerequisite for the interpretation of expression patterns. 
A good embryonic landmark appeared to be the second 
Figure 5. Vertebrosternal Ribs 
(A) Sternum with eight ribs after RA exposure 
on day 8, 5 hr. The sternebrae are disordered, 
probably as a result of a secondary effect, since 
rib attachment is thought to regulate the sternal 
segmentation. This vertebral pattern reflects 
an anterior transformation of segment #15. 
(B) Sternum with seven attached ribs from a 
control animal. Sternebrae are regularly 
formed; only seven costosternal junctions are 
generated. 
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spinal ganglion. Since the first ganglion is not recognizable 
in murineembryoson day 12of gestation, two mesodermal 
condensations should be registered anterior of the first 
visible, i.e., second spinal ganglion: the anlage for the 
occipital bone (proatlas anlage), which will not become a 
vertebra, and, separated by an intersomitic vessel, the 
first real prevertebra, the atlas anlage. This configuration 
allows the atlas to be assigned precisely as prevertebra 
#l. On slightly parasagittal sections the arteria vertebralis 
is normally visible entering prevertebra #6 and ascending 
through the foramina transversaria of the more anterior 
prevertebrae. 
Sagittal sections of exposed embryos revealed in sev- 
eral cases the anterior deficiencies (exencephalon) and 
the posterior transformations described above for clearing 
preparations of day 18 fetuses. Changes of vertebral pat- 
terns were in particular evident by a rib on segment #7 and 
by the entering of the arteria vertebralis into prevertebra 
#5 instead of #6. Fusions of neural arches were reflected 
in fused spinal ganglia in the cervical region. Complete 
series of sections were hybridized with antisense RNA 
probes detecting Hox genes with normal expression 
boundaries in the cervical or the thoracic region. They 
had previously been assigned to prevertebra #l (Hox-7.5, 
paralog group eleven; Gaunt, 1988) prevertebra #lO (Hox- 
1.1, paralog group seven; Mahon et al., 1988; Ptischel et 
al., 1991), and prevertebra #12 (Hox-3.7, paralog group 
six; Gaunt, 1988; Gaunt et al., 1988). Our controls confirm 
these assignments (Figures 6f-6k). They reveal, in 
agreement with data from Mahon et al. (1988) and Piischel 
et al. (1991), that Hox-7.7 expression in prevertebra #lO 
is barely detectable, and prevertebra #l 1 is the first show- 
ing a high signal. In situ analysis of these genes in day 
12.5 embryos exposed to RA on day 7,4 hr demonstrates 
anterior shifts of the prevertebral expression domains. Fig- 
ure 6a depicts an embryo with Hox-7.7 expression detect- 
able on segment #9, and strong expression on #lo, thus 
representing an anterior shift by at least one segment. In 
the same embryo, Hox-3.7 expression is strong on verte- 
bra #l 1 (Figure 6c) instead of #12 in unexposed embryos. 
Hox-7.7 expression was observed in several exposed em- 
bryos on prevertebra #8 or #9, or an untypically high ex- 
pression was detected on #lO. Phenotypically, the anterior 
shifts of Hox-1.1 and Hox-3.1 expression correlate with the 
observed morphological posteriorizations in the thoracic 
region. Figure 6e shows expression of the Hox-1.5 gene 
in a RA-exposed embryo. An anterior shift of expression 
to the region ventral of the basioccipital bone anlage is 
visible (Figure 6e, arrowhead). Normally only the atlas de- 
velops at this level a vertebral structure, the anterior arch 
of the atlas (arcus anterior atlantis, “aaa” in Figure 3b). 
After RA exposure the shift of Hox-7.5 expression corre- 
lates with the manifestation of an occipital vertebra (pro- 
atlas), which often has generated an anterior arch (Figures 
3f and 3~). 
Discussion 
Homeosis 
The vertebral column of a mouse strain is a highly invariant 
system (Snow and Gregg, 1987). The described transfor- 
mations did not occur (transformations a, b, c, d, e, h, k, I) 
oroccurred only rarely(f, g, i) in thecontrol mice. However, 
differences of vertebral patterns between mouse strains 
exist, and some strains (X stock, C57BL16) show more 
variability than others (Green, 1953; Griineberg, 1950; 
Searle, 1954). Vertebral development can be disturbed by 
various teratogenic influences, such as irradiation (Rus- 
sell, 1956) nitrousoxide (Fujinagaet al., 1989), or mitomy- 
tin C (Gregg and Snow, 1983). Rib abnormalities after RA 
exposure were noted by Yasuda et al. (1986). In addition, 
many mouse mutants show disturbances of vertebral pat- 
terns, sometimes leading to chaotic states (Gruneberg, 
1950; Theiler, 1988). Vertebral transformations like those 
found in mice after RA exposure are explicitly addressed 
in the original definition of the term homeosis by Bateson 
(1894). In several cases homeoticchanges have also been 
found after perturbation of vertebral patterns by other 
agents, e.g., the formation of cervical ribs after nitrous 
oxide exposure or in the mutant rachiterata, and shifts of 
regional borders after mitomycin C exposure or irradiation 
(Grtineberg, 1952; Russell, 1956; Gregg and Snow, 1983; 
Theiler, 1988). 
The homeotic transformations of vertebrae found in this 
study occurred in both directions along the vertebral col- 
umn. They represent backward or forward homeosis as 
defined by Bateson (1894) or anterior or posterior transfor- 
mations as defined by Lewis (1978). The model described 
by Lewis for Drosophila postulates that anterior transfor- 
mations result from loss-of-function events, whereas pos- 
terior transformations result from gain-of-function events. 
The applicability of this model to vertebrate Hoxgenes has 
been verified in two independent experimental systems 
in which homeotic transformations were observed after 
modulation of Hox gene expression (Wright et al., 1989; 
Kessel et al., 1990). Below it will be applied to explain the 
mechanism of the RA-induced homeotic transformations 
of vertebrae. 
The Hox Code 
Homeotic transformations in Drosophila are caused by de- 
letion or inappropiate expression of homeobox genes from 
the Antennapedia and Ultrabithorax gene complexes (for 
review see Akam et al., 1988). Many organizational, struc- 
tural, and functional similarities between these genes and 
the vertebrate Hox genes have been described (for review 
see Kessel and Gruss, 1990). Thus the Hox genes are 
prime candidates for the cause of homeotic transforma- 
tions in vertebrates. In this study evidence has been pre- 
sented that demonstrates that in the mouse the same mol- 
ecule, RA, not only can modulate the Hox genes, but also 
induces homeotic transformations of vertebrae. 
Figure 7 schematically summarizes the published infor- 
mation on Hox gene expression in the murine paraxial 
mesoderm. Ideally, data for such a comparison should be 
taken from parallel experiments, as they are available for 
three Hox-7 genes (Dressler and Gruss, 1989) or for Hox 
genes of the ninth and tenth paralog groups (Gaunt et 
al., 1989, 1990). Until more of such internally controlled 
determinations are available, minor changes in the assign- 
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Figure 6. Hex Gene Expression in RA-Exposed Embryos 
Day 12.5 embryos exposed to RA on day 7. 4 hr (a-e) or unexposed (f-k) ware analyzed as described in the text. (b), (d), (g), and (i) are bright-field 
exposures of (a), (c), (f), and (h), respectively. The probes were specific for the following genes: I/ox-l. 7, (a) and (f); Hex-3.7, (c)and (h); and Hox-7.5, 
(e) and (k). Spinal ganglia and prevertebrae are numbered; in the dark-field exposures the first number indicates the anterior boundary of expression. 
The arrowhead in (e) points out the RA-induced Hex-7.5 expression domain ventral to the basioccipital bone anlage. Note the anterior shifts of 
expression domains induced by RA exposure as discussed in the text. 
ment and actual numbering of expressing segments may thermore, a resolution of the expression analyses to the 
be necessary. Detailed expression studies of other Hox single-cell level is necessary. 
genes, particularly for those located at the 5’ ends of the Precise descriptions of Hox gene expression patterns 
Hox clusters, are needed to complete this summary. Fur- are available only for day 12.5 embryos (see legend to 
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Figure 7. Summary of Hox Gene Expression Domains rn Paraxial 
Mesoderm 
A detailed discussion of the expression patterns is given in the text. 
Anterior boundaries of expression are in most cases taken from deter- 
minations at relatively late stages (day 12.5). Posterior boundaries are 
in most cases not clearly defined. In this summary nine expressing 
segments are marked (+) for each gene. Note that formation and seg- 
mentation of the paraxial mesoderm proceed in an anteroposterior 
direction, so that the posterior segments are not present early. The 3’ 
genes /-/ox-I.6 and Hex-2.9 are not expressed in the day 12.5 embryo; 
the genes from the 5’ region begin to be expressed only on day 8 
(“temporal colinearity” [D. Duboule]). 
References for the boundaries are as follows: Hex-2.9 (Frohman et al., 
1990; Sundin et al., 1990) Hex-I.G(Duboule and Dolle, 1989) ,40x-7.5 
(Gaunt, 1988) /-/0x-4.2 (Gaunt et al., 1989) Hex-2.6 (Gaunt et al., 
1989) Hex-7.4 (Gaunt et al., 1988, 1989) Hox-2.1 (Gaunt et al, 1990) 
Hex-7.3(Dressler and Gruss, 1989; Gaunt et al., 1990) I-fox-3.4(Gaunt 
et al., 1990) Hex-3.3 (Sharpe et al., 1988; Gaunt et al., 1988) Hox-1.2 
and Hex-1.7 (Dressler and Gruss, 1989) Hox-2.5 (Bogarad et al., 1989; 
L. Bogarad and Ft. Krumlauf, personal communication), Hox-2.3 (Vo- 
gels et al., 1990) Hox-3.7 (Gaunt, 1988; Gaunt et al., 1988) Hox-3.2 
(Erselius et al., 1990) Hox-4.3 (Izpisua-Selmonte et al, 1990), Hox-4.4 
(Duboule and Dolle, 1989), Hox-4.5 (Duboule and Doll& 1989) and 
Hox-4.6, Hox-4.7, and Hex-4.8 (Dolle et al., 1991). 
Figure 7 for references). In particular, the anterior expres- 
sion boundaries are precisely defined, while the posterior 
boundaries of expression are less clear. In the prevertebral 
segments on day 12, the sclerotomes, levels are normally 
relatively low in the most anterior expressing segment, 
then high levels are observed in seven to ten segments, 
while expression in more posterior segments is low or un- 
detectable. Thus by day 12.5 a block of expressing seg- 
ments in a defined thoracic region is the typical pattern of 
expression for most /-/ox genes. Although not explicitly 
reported for each gene, it appears that Hox expression in 
the presomitic mesoderm starts at a certain axial level 
equivalent to the anterior boundary observed later in so- 
mitic mesoderm (Frohmann et al., 1990). Expression then 
continues until it is down-regulated or abolished in the 
more posterior segments. Evidence for separate elements 
regulating the posterior down-regulation was recently ob- 
tained from analysis in transgenic mice using Hox-7.7 pro- 
moter fusions to the /acZgene (Ptischel et al., 1990,199l). 
These descriptive data have emphasized the importance 
of the anterior region of a Hox expression domain, which 
was recently also shown by genetic experiments (see 
below). 
Figure 7 summarizes the craniocaudally changing com- 
binations of expressed Hox genes in the segments (so- 
mites, sclerotomes) of the prevertebral column. Notably, 
the summary does not necessarily imply that a combina- 
tion is expressed in one cell, since in situ analyses so 
far have not been refined to the single-cell level. A more 
posterior axial level is characterized by the activation of a 
new Hox gene, which then remains active for a varying 
length (usually less than ten segments) of the paraxial 
mesoderm. A comparison of vertebral structures with the 
combination of expressed Hox genes in the prevertebrae 
reveals that, in particular for the cervical region, unique 
morphological identities (Figure 4) correlate with unique 
sets of transcribed genes (Figure 7). Thus the atlas is char- 
acterized by the unique combination Hox-2.9, Hox-7.6, 
Hox-1.5, and Hox-4.2, the axis by the same set plus Hox- 
7.4 and Hox-2.6. The three morphologically identical verte- 
brae C3, C4, and C5 have one unique combination, as 
have the unique vertebrae C6 and C7, respectively(Figure 
7). Below we will argue that the combinations of expressed 
Hox genes in a vertebral segment correlate causally with 
the identity of the segment. The term “Hox code” is sug- 
gested in order to refer to the combination of functionally 
active Hox genes in a prevertebral segment. 
Expression patterns of Hox genes indicate a relevance 
of Hox codes not only for the specification of the paraxial 
mesoderm, but also for other embryonic structures, most 
significantly the neurectoderm (Wilkinson et al., 1989; for 
review see Kessel and Gruss, 1990) the limb axes (Doll& 
et al., 1990a; Nohno et al., 1991; Izpisua-Belmonte et al., 
1991) and visceral organs (e.g., Gaunt et al., 1988). Given 
the striking conservation of clustered homeobox genes 
from insect to man, and the expression patterns of these 
genes in embryonic structures derived from ectoderm and 
mesoderm, it is possible that Hox codes represent a uni- 
versal principle for the axial specification and thus the 
spatial organization of embryos (see Wolpert, 1969). 
Alteration of Hox Codes 
If the Hox code is relevant for the identity of a vertebral 
segment in mice in the way that the combination of home- 
otic genes specifies segmental identity in Drosophila, then 
changing of Hox codes might be the cause of homeotic 
transformations. We have previously documented in a 
gain-of-function experiment the consequences of manipu- 
lated Hox codes in transgenic mice (Kessel et al., 1990). 
Experimental deregulation of Hox-7.7 expression resulted 
in new Hox codes in the anterior segments #l-#9; these 
codes, however, did not resemble codes that were nor- 
mally generated. While these altered codes were without 
consequences in segments #3-#6, they were incompati- 
ble with the sophisticated events programming the upper 
cervical vertebrae Cl and C2, and led to the generation of 
mice with a proatlas and a vertebral center associated 
with the atlas. The code generated for C7 in the Hox-1.1 
transgenic animals resembled closely a thoracic Hox 
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code. The occurrence of one animal with a cervical rib may 
be related to this similarity. 
Alternatively, in loss-of-function experiments the conse- 
quences of subtraction of one gene from the Hox code are 
visible after inactivation of a Hox gene by homologous 
recombination. The first report on a mouse mutant lacking 
a functional Hox gene indicates that particular structures 
derived from the anterior part of the Hox-7.5 expression 
domain are deficient, while the more posterior body region 
is not affected (Chisaka and Capecchi, 1991). Deletion of 
the Hox-7.5 gene led to a severe shortening of the cervical 
region but not to vertebral transformations. The codes 
summarized in Figure 7 indicate that, especially in the 
anterior part of the axis, different identities (occipital bone, 
Cl, C2, C3, C4, C5) are coded by more than one gene. 
We speculate that the dominance of the Hox-4.2 gene may 
prevent the atlas in the Hox-7.5 mutants from assuming an 
occipital identity. A comparable phenotype was recently 
described for mice with a deleted Hox-7.6 gene (Lufkin et 
al., 1991). Deficiencies, but not transformations, resulted 
in the anterior expression domain of Hox-7.6 including the 
occipital bones, and no abnormalities occurred in the pos- 
terior body part. Inactivations of further Hox genes by ho- 
mologous recombination promise to address the func- 
tional significance of the expression domains and thus 
alsoof the Hoxcode. The Hox-7.5and Hox-7.6phenotypes 
already have indicated the major importance of the most 
anterior expressing segments. Further posterior in its ex- 
pression domain, the expression of a Hox gene appears 
to be functionally less significant. 
Can the homeotic transformations induced by RA be 
explained by a systematic changing of Hox codes? The 
responses of Hox genes to RA in teratocarcinoma cells 
have been extensively documented. Genes from the eight 
paralog groups in the 3’ region of the Hox clusters are 
inducible by RA (see references in the legend of Figure 7 
and Breier et al., 1986; Colberg-Poley et al., 1985; 
Deschamps et al., 1987; Fibi et al., 1988; Kessel et al., 
1987; Mavilio et al., 1988; Simeone et al., 1990). I f  they 
respond positively to RA in vivo, the code of a more poste- 
rior vertebral segment would be conferred on an adjacent 
anterior segment. In accordance with the Lewis model, 
such a gain-of-function effect would result in a posterior 
transformation. These were indeed observed in transfor- 
mations a, b, c, d, e, f ,  and g. Our in situ analysis of thoracic 
Hox genes in embryos exposed to RA on day 7,4 hr (tm) 
has indicated that they are accompanied by anterior shifts 
of Hox codes by one to two prevertebral segments. In con- 
trast, at least some genes from the first four paralog groups 
are down-regulated by RA under appropiate conditions 
(M. K., unpublished data; Simeone et al., 1991) and the 
genes in the fifth group appear more or less indifferent 
(Rubin et al., 1987; Erselius et al., 1990). These genes 
are candidates to respond with loss-of-function, that is, 
anterior, transformations, as were observed and defined 
as transformations h, i, k, and I. They could be explained 
if the expression domains of Hox genes from paralog 
groups l-5 were shifted caudally after RA exposure on 
day 8.5. 
Axis Specification 
In our experiments we have investigated the influence of 
RA on the development of the anteroposterior body axis 
during gastrulation (for reviews see Bellairs, 1986; Tam 
and Beddington, 1987). In the gastrulating mouseembryo, 
cells begin to leave the epithelial ectoderm and migrate 
through the primitive streak on day 6.5 of gestation. After 
day 7.0 prospective paraxial mesoderm cells migrate 
through the cranial portion of the streak. The paraxial 
mesoderm is initially unsegmented (presomitic meso- 
derm). Segmentation then proceeds craniocaudally with 
the formation of again epithelial structures, the somites. 
Transplantation studies in the chick embryo have indi- 
cated that the unsegmented paraxial mesoderm (segmen- 
tal plate in chick embryos) is already regionally specified 
(Kieny et al., 1972). Thus paraxial mesoderm from the 
presumptive thoracic region developed into rib-carrying 
vertebrae also when transplanted into the cervical region. 
No ribs were formed when cervical mesoderm was trans- 
planted into the thoracic region. It was concluded that the 
developmental fate of these cells is already imprinted and 
memorized long before segmentation isevident (Chevalier 
et al., 1977; Menkes and Sandor, 1977). 
While the involvement of RA in mesoderm induction and 
axial specification is indicated by circumstantial evidence 
(e.g., Cho and De Robertis, 1991; Ruiz i Altabaand Jessel, 
1991; Brockes, 1989) a direct localization of RA during 
development is not possible. Several experiments indi- 
cate, however, that the presence of polarizing activity re- 
flects the presence of RA in or nearby a tissue (Thaller and 
Eichele, 1987; Wagner et al., 1990; Wanek et al., 1991; 
Noji et al., 1991). Polarizing activity is present in the cranial 
tip of the primitive streak (Hensen’s node) of chick embryos 
from the beginning of paraxial mesoderm ingression 
(stage 4, definitive streak stage, equivalent to about day 
7 in mice) to the 10 somite stage (stage 10, day 8.5 in mice; 
Hornbruch and Wolpert, 1986). Later it is found in two 
midline tissues, the mesodermal notochord and the ecto- 
dermal floor plate of the neural tube, as well as in the 
lateral regions where limb buds will arise (Hornbruch and 
Wolpert, 1986; Wagner et al., 1990). 
Extrapolating from the data obtained for chick embryos 
to the situation in mice, several events seem to coincide in 
the anterior portion of the primitive streak at the definitive 
streak stage (early on day 7 in mice): The prospective 
paraxial mesoderm of the anterior body axis ingresses 
and becomes specified, polarizing activity is present, Hox 
genes known to respond positively to RA begin to be ex- 
pressed (Hox-7.5: Gaunt, 1987; Hox-2.9: Frohman et al., 
1990) and exposure to exogenous RA leads to posterior 
transformations proceeding along the complete axis. One 
day later (day 8.5) the prospective paraxial mesoderm of 
the posterior half of the axis ingresses and becomes speci- 
fied, there is no evidence for polarizing activity, Hoxgenes 
known not to respond or to respond negatively to RA are 
beginning to be expressed, and exposure to exogenous 
RA lead$ to anterior homeotic transformations. Thus 
within 1 day RA-induced transformations change to the 
opposite direction. 
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In addition to RA as a modulator of Hoxgene expression, 
the Hox gene products themselves are suspected as po- 
tential transcriptional regulators of Hox genes, although 
molecular evidence has been obtained only for homeotic 
genes of Drosophila (Krasnow et al., 1989) and not for the 
vertebrate Hox genes. These molecules may play a role in 
two separate steps of Hox gene activation: the opening of 
a gene for transcription (see Pfeifer et al., 1987) and the 
actual enhancement of transcription by factors binding to 
cis regulatory sequences. We assume that the opening of 
a Hoxgene by inducing a suitable chromatin configuration 
may be an essential step in its activation and will be an 
important component in the molecular mechanism of the 
Hox code. The fact that the induction of a transformation 
at acertain level can affect all following vertebral segments 
suggests a correlation or colinearity with the clustered or- 
ganization of the Hoxgenes (Figure 2). The role of RA may 
be the initiation of the cascade by activation of the most 
3’ located gene, but, in addition, RA may play a role in the 
maintenance of expression of genes. Paralogous genes 
could possibly substitute for each other, and thus allow the 
cascade to proceed also after toxic or genetic interference 
(paralog rescue). Alternatively, it is conceivable that after 
inactivation of a gene by homologous recombination, se- 
quential gene activation can proceed undisturbed by the 
inactivated gene to the next 5’ gene. 
The RA-induced transformationsdescribed in thisarticle 
can be conveniently explained by including the above con- 
siderations: exogenous RA on day 7 appears to activate 
Hox genes earlier; that is, from an embryological point of 
view, also more anterior. Certain Hox codes may not be 
established, because the next gene is already activated. 
This would explain the skipping of Hoxcodes in the cervi- 
cal and lumbar region, which underlies the reductions in 
the cervical and lumbar regions. RA exposure on day 8.5 
could inhibit activation of genes from the more 5’ located 
genes (paralog groups l-5), so that the presently read 
Hox code is repeated. A phenotype compatible with this 
interpretation was shown for the thoracic region, where 
the rib-generating identity of segment #13 was repeated 
up to two times (15 ribs; Figures 1 and 2). Depending on 
the length of inhibition (the concentration of RA), activation 
of posterior Hox genes may be transiently inhibited, so 
that normal Hox codes are established later and in more 
posterior segments. Alternatively, nonactivation of poste- 
rior Hox genes may result in the agenesis of the posterior 
body region observed after exposure to high RA concen- 
trations on day 8.5. 
The combination of our observations with the known cell 
biology of gastrulation and the molecular biology of the 
Hox genes can be summarized in the following model for 
the specification of the body axis: A RA signal generated 
from midline embryonic structures during gastrulation is 
received by ingressing cells, which respond with the se- 
quential activation of more and more Hox genes, leading 
to overlapping, nonidentical expression domains of Hox 
genes along the anteroposterior axis. The activation of a 
more 5’ Hox gene defines a more posterior axial level. 
The combination of functionally active Hox genes, the Hox 
code, specifies the identity of a body region, for example, 
a vertebral segment. Different Hox codes thus represent 
the interpretation of positional information along the ante- 
roposterior body axis. Hox codes can be altered by expo- 
sure to RA during the specification phase, leading to ho- 
meotic transformations. 
Experimental Procedures 
Mice 
Female NMRI outbred mice and male C57BU6/DBA/Fl mice were 
mated overnight, and 12 a.m. of the following day (plug day) was taken 
as day 0.5. Some experiments were done with animals from timed 
matings. In this case animals were mated for 2 hr, and fertilization was 
assumed to have occurred after 1 hr. For the staging of these animals 
the hours are indicated, followed by (tm) to indicate timed matings. RA 
in sesame oil was administered by a single oral gavage at the indicated 
time, applying IO mg per kilogram of body weight all-trans RA (Sigma) 
on day 6 or 7, 450 mg per kilogram of body weight 13-cis RA (Sigma) 
on day 6.5 Animals were sacrificed directly after birth or on day 18 
after cesarean section. 
Skeletal Preparations 
Skeletal preparations were made by an alcian blue-alizarin red proce- 
dure, staining cartilage in blue and ossified, calcium-containing tissue 
in red. Newborn mice were eviscerated, fixed in 100% ethanol for 4 
days, kept in acetone for 3 days, and rinsed with water. They were 
stained for 10 days in staining solution consisting of 1 vol of 0.3% 
alcian blue 8GX (Sigma #3157) in 70% ethanol, 1 vol of 0.1% alizarin 
red S (Sigma #5533) in 95% ethanol, 1 vol of 100% acetic acid, and 
17 vol of ethanol. After rinsing, the specimens were kept in 20% glyc- 
erol-l% potassium hydroxide at 37OC for 16 hr, and then at room 
temperature until tissue had completely cleared. For storage, speci- 
mens were transferred into 50%, 80%, and finally 100% glycerol. 
Anatomical parameters (Table 1) were scored under the dissecting 
microscope. Transformations were scored positive also when they oc- 
curred unilaterally. A few animals were excluded from analysis of spe- 
cific regions for technical reasons (Tables 1 and 2). Photographs were 
taken under the dissecting microscope at 6.fold magnification, 
applying a flashlight unit originally built for duplication of slides. 
In Situ RNA Analysis 
The Hex-7.7 probe was derived from the first exon of the gene (Alulll- 
Pstl; Ptischel et al., 1990) the Hex-3.1 probe was the Sall-Aval frag- 
ment described by Breier et al. (1986) and the I/ox-7.5 probe was as 
described by Fainsod et al. (1987). 
A procedure derived from the protocols of Dressler and Gruss (1989) 
and Graham et al. (1989) was used for RNA in situ analysis. Embryos 
were dissected out, fixed overnight in 4% paraformaldehyde, and em- 
bedded in Paraplast (Monoject Scientific). Sections (8 urn) were cut 
and dried onto chromalum-gelatin slides. The slides were processed 
through the following steps: dewaxing in xylene, dehydration, washing 
in phosphate-buffered saline, refixing in 4% paraformaldehyde, wash- 
ing, protease K treatment (0.02 mglml), washing, 4% paraformalde- 
hyde treatment, washing, 0.1 M triethanolamine treatment, washing, 
and dehydration. 
Probes (1 x lO*cpm/ml) were dissolved in hybridization buffer (300 
mMNaCI, lOmMTris, lOmMsodiumphosphate,5mMEDTA, 100mM 
dithiothreitol, 10% dextran sulfate, 50% formamide, 2 mglml bovine 
serum albumin, 2 mglml Ficoll, 2 mglml polyvinylpyrrolidone). The 
hybridization mix was boiled, applied directly onto the sections, and 
covered with siliconized coverslips. After overnight hybridization at 
5Z°C the following washing procedure was followed: 5 x SSC, IO mM 
DTT (30 min. 37OC); 50% formamide, 2 x SSC (30 min, 65OC); 0.5 M 
NaCI, 10 mM Tris (pH 7.4) 5 mM EDTA (10 min, 37OC); 0.5 M NaCI, 
10 mM Tris, 5 mM EDTA, 0.02 mg/ml RNAase A (30 min, 37OC); 2 x 
SSC, 10 mM DTT, 50% formamide (15 min, 37OC); 2 x SSC (15 min, 
37°C); and 0.1 x SSG (15 min, 37OC). The sections were dehydrated 
m ethanol and air dried. 
For autoradiography slides were dipped in Kodak NTB-2 emulsion 
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diluted 1:l with water, exposed for 10 days, and developed in Kodak 
D-19 solution. 
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